A stable isotope procedure to estimate hepatic glucose carbon recycling and thereby elucidate the mechanism by which glucose is produced in patients lacking glucose 6-phosphatase is described. A total of 10 studies was performed in children with glycogen storage disease type I (GSD-I) and type III (GSD-III) and control subjects. A primed dose- 
glucose. Significantly different glucose carbon recycling values were obtained for two GSD-III patients in comparison to GSD-I patients. Our results eliminate a mechanism for glucose production in GSD-I children involving gluconeogenesis. However, glucose release by amylo-1,6-glucosidase activity would result in endogenous glucose production of non-13C-labeled and nonrecycled glucose carbon, as was found in this study. In GSD-III patients gluconeogenesis is suggested as the major route for endogenous glucose synthesis. The contribution of the triose-phosphate pathway in these patients has been determined. The significant difference of the glucose C-1 splitting pattern in plasma GSD-III and control subjects, in comparison to GSD-I plasma, can be used as a parameter for estimating glucose recycling. This approach can be developed as a noninvasive diagnostic test for inborn enzymatic defects involving gluconeogenesis.
Following prolonged fasting, when glycogen stores are depleted, gluconeogenesis from three carbon intermediates is the major route for glucose production (1) . The release of glucose from the cell produced either by glycogenolysis or gluconeogenesis involves the hydolysis of glucose 6- phosphate by glucose 6-phosphatase.
As a result of impairment of glucose 6-phosphatase activity, children with glycogen storage disease type I (GSD-I) are susceptible to hypoglycemia during short periods of fasting (2) . However, a limited amount of endogenous glucose production was found in these children (3) (4) (5) . By using tracer methodology, we have recently shown that the source of endogenous glucose production is not from gluconeogenesis (5, 6) , in contrast to patients with amylo-1,6-glucosidase deficiency (GSD-III), whose endogenous glucose is mainly derived from gluconeogenic precursors (6) .
An understanding of inherited disorders of carbohydrate metabolism should clarify our knowledge of normal metabolism and define biochemical adaptations available to the human organism. A noninvasive and nonradioactive approach was undertaken to assess the mechanism by which glucose is produced in children with GSD-I whose glucose 6- NMR Spectroscopy. High-resolution '3C NMR spectra were obtained with a Bruker 500-MHz spectrometer operating at 125.76 MHz with composite pulse decoupling to reduce effects from dialectric heating and to maintain the sample temperature at about 20'C. Spectra were obtained by using a 5-mm 13C NMR probe with the following parameters: a 600 pulse angle with a 2-s repetition time, a 26.5-KHz spectral width, and a 32 K block. (ii) 'H NMR measurments. The 13C enrichment of a-Dglucose C-1 was measured from the 1H NMR spectrum at 500 MHz in a standard 5-mm 1H NMR probe with a Bruker 500-MHz spectrometer. A 400 pulse angle (6 As) with a 10-s relaxation delay was used. During the relaxation delay, the water resonance was saturated with a single radio frequency field. Spectra were obtained with a sweep width of6000 KHz. Samples were heated to 330 K to shift the H2HO resonance upfield from the C-1 proton resonance of a-D-glucose.
RESULTS AND DISCUSSION
When D-[U-'3C]glucose is administered, it is metabolized to three carbon intermediates, which are diluted by the endogenous nonlabeled pool. Further dilution of the three carbon compounds may occur as a result of interaction of the three
carbon compounds with tricarboxylic acid cycle intermediates. Thus, the recycled glucose molecules synthesized via the triose-phosphate pathway are no longer uniformly '3C labeled, as shown in Fig. 1 . Although the generation of free glucose from glucose 6-phosphate is impaired in GSD-I patients, it has been recently shown that a limited amount of glucose is produced in these patients (3) (4) (5) , but the mechanism by which glucose is synthesized in GSD-I patients is still questionable. A procedure to estimate hepatic glucose carbon recycling and thereby elucidate the mechanism by which glucose is produced in patients lacking glucose 6-phosphatase activity is presented in this paper.
Analysis of [U-'3C]Glucose at Position C-1 of Nonrecycled
Glucose Solutions. The '3C-13C splitting pattern at a specific site gives the relative amount of '3C label of two adjacent carbon atoms (11) (12) (13) (14) (15) . and , j anomers of glucose reveal similar splitting pattderns, the f anomer is preferable for this analysis since its intensity is about 40% higher than the corresponding a anomer. As seen in Fig. 2 , the center peak arises from the nonenriched glucose in the mixture (it corresponds to the natural abundance carbon-13) ( Table 1 ). Spectrum a consists of 5000 accumulations with a 2-s repetition time at 15°C. Values are given in ppm relative to tetramethylsilane as a standard. Expanded views of 3-glucose C-1 and lactate C-3 resonances of GSD-I (3) and GSD-I (1) are shown in spectra a and b, respectively. Spectrum c was derived from glucose free of salts and acids. (B) Deproteinized plasma (-1 ml) of a GSD-III patient (8) (see Table 1 ); it consists of 12,000 accumulations. (C) Plasma (=1 ml) of a control subject (9) ; it consists of 3000 accumulations. spectra a and b, respectively). Although hyperlactic acid is developed in GSD-I patients following a short period of fasting, the lactate C-3 resonance appears as a triplet, indicating that the resonance corresponds to 13C-enriched lactate at positions C-3 and C-2. The lactate C-1 peak area is suppressed as a result of signal saturation, and coupling of C-1 and C-2 cannot be observed (see Experimental Procedures). An estimation of lactate dilution by the endogenous pool can be derived from the relative intensities of the lactate C-3 singlet to doublet. The singlet peak area represents the Rp, glucose production rate; GR, glucose carbon recycling.
*Subject designations are in parentheses (as indicated in Fig. 3B ).
tMean ± SEM of subject designations 1-6 = 0 + 1%. derived from GSD-I patients is even more responsive to glucose loads than glucose production rates (6). The 13C
NMR spectrum derived from the plasma of a GSD-III patient (subject 8 in Table 1 ) is a result of highly enriched glucose (15% enriched) and -4% enriched lactate. The spectrum also reveals resonances at the region 20-80 ppm corresponding to the CH3 and CH2 groups of keto bodies such as P- A representative spectrum of plasma glucose separated from salt and acids is shown in the expanded view of the 96-to 98-ppm region (Fig. 5A, spectrum c) . The 1Jc-c and 2Jcc are well resolved, as shown for the mixed [U-_3C]glucose solutions in Fig. 2 . However, for the determination of the d/s ratio of 'Jc-c, purification of glucose can be omitted; therefore, most measurements were done on deproteinized plasma samples only.
The 13C fractional enrichment of each C-1 glucose sample was determined from its 1H NMR spectrum and confirmed by GC/MS of glucose C-1. 1H NMR spectra of a-glucose 13C labeled at the C-1 position of infused and plasma samples are shown in Fig. 4 . The d/s peak areas derived from the 13C NMR plasma glucose C-1 splitting pattern of each GSD-I patient are depicted as a function of their 13C enrichments in Fig. 3B . The glucose recycling factor (see Table 1 ) is defined (Fig. 1) .
Since a few of the GSD-I patients could not tolerate fasting (>4 hr) without developing hypoglycemia, glucose was in- fused at a rate of 2.7-6.1 mg/kg per min. As shown in Table  1 , under these conditions endogenous glucose production is depressed as glucose levels are increased (3, 6) . However, no significant differences in glucose carbon recycling (see Table  1 ) could be noted among the GSD-I children, even when glucose infusion rates were sufficiently low (2.7 and 3.0 mg/kg per min) to induce maximal glucose production. Under these infusion conditions the endegenous glucose production fraction (Rp) of the total glucose appearance (Ra) reached -50% (subjects 3 and 5 in Table 1 Our results eliminate a mechanism for glucose production in GSD-I children involving gluconeogenesis. However, glucose release by amylo-1,6-glucosidase activity would result in endogenous production of non-13C-labeled and nonrecycled glucose carbon, as was found in this study. In GSD-III, glucose released from glycogen is limited. Following an overnight fast, the impairment of amylo-1,6-glucosidase activity enhances glucose production by gluconeogenesis. Indeed, extensive glucose recycling was measured in these patients. The elevated gluconeogenesis may be an adaptive mechanism in GSD-III patients to protect the fasting patient from hypoglycemia.
In summary, an approach for measuring hepatic glucose recycling, in children with GSD-I and GSD-III, by using [U-13C]glucose and '3C NMR, was carried out in this study by measuring plasma glucose 'IC-'3C coupling of two adjacent glucose carbons C-1-C-2. Only residual hepatic activity of glucose 6-phosphatase in GSD-I would result in newly synthesized recycled glucose. Our findings reveal that glucose production in these patients is nonrecycled; thus, the proposed mechanism based on residual glucose 6-phosphatase activity can be eliminated. In contrast, in GSD-III patients gluconeogenesis is suggested as the major route for endogenous glucose synthesis. The contribution of the triosephosphate pathway in GSD-III patients was determined. The significant difference of the glucose C-1 splitting pattern of GSD-III plasma and control subjects, in comparison to GSD-I plasma, can be used as a parameter for estimating glucose recycling. This approach can be developed as a noninvasive diagnostic test for inborn enzymatic defects involving gluconeogenesis.
